Abstract JT-60SA is a fully superconducting coil tokamak upgraded from the JT-60U. This paper focused on the integrity of the top lid of cryostat in JT-60SA. The design requirement for the cryostat in normal operations is to achieve vacuum insulation of 10 −3 Pa, and the top flange of the top lid is lightly welded onto its body flange. The weld is tensile-loaded by bending deformation of the top lid due to vacuum pressure of external 0.1 MPa. This weld integrity is evaluated with tensile-load reduction, which results in clamp reinforcement. The structural integrity of the top lid is validated.
Introduction
JT-60SA is a fully superconducting coil tokamak upgraded from the JT-60U, and is a combined Japan-EU satellite tokamak program, aiming at the ITER program supports and supplements toward the DEMO [1] . The JT-60SA tokamak machine consists of a vacuum vessel (VV), 18 toroidal field coils, 6 equilibrium coils, a central solenoid with 4 modules, thermal shields and a cryostat. Fig. 1 shows the cryostat in JT-60SA. The cryostat provides a vacuum to reduce the thermal load to the superconducting magnets, supporting the vacuum vessel and the magnets, and shielding radiation [2] . Major dimensions of the cryostat are a maximum diameter of 13.4 m, total height of 15.5 m and structural shell thickness of 34 mm. The material is type 304 stainless steel with an additional cobalt content less than 0.05wt% , and its total weight is 610 tons. The cryostat consists of a top lid which has a spherical shape, a lateral body, which has a cylindrical/conical shape, and a lower base. Structures of the base and the lateral body are designed and manufactured by the EU [3] , and that of the top lid is designed and manufactured by Japan. These parts are assembled in the Japan Naka-site [4] , and each part is divided because of a size transport limitation. The base and body are divided into 7 and 12 parts, respectively.
The top lid is divided into 2 parts. The base is a foundation of the tokamak machine. The base supports the superconducting magnets, the VV, and the cryostat body with the top lid. The body is designed with ports for heating facilities (Neutral Beam Injection, etc.), diagnostics, and pipes and boxes for cryogenic equipment.
The top lid is a spherical shape, its curvature radius is 8.0 m. Generally, pressure vessels heads have elliptical dished heads to reduce bending moment onto discontinuities like flange joints. However, this top lid is designed without an elliptical dished head because of its extensive diameter and simplified fabrication. The top lid is connected to the lateral body by a flange joint (top flange) with clamps, and a vacuum seal is adopted by light welding at the outside of the connection flanges. The bending moment at the structural joint is carefully designed to achieve satisfactory structural integrity including the light welding.
Design

Design description of the top lid
The top lid consists of a spherical shell, a top flange, radial ribs, toroidal ribs, a pair of diametrical flanges, and ports. The spherical shell has a curvature of 8.0 m in radius and a thickness of 34 mm. This spherical shell is reinforced by 16 radial ribs and 54 toroidal ribs. The thickness and height of the reinforcement ribs are 20 mm and 120 mm, respectively. The radial ribs are located on the spherical shell, and attached to the outer end of the top flange for stiffness reinforcement. The spherical shell is divided into two parts with the diametrical flanges, which are fastened by welds and bolts with couplers. The couplers are adopted to prevent the over fastening of bolts. The top flange is designed with an outer diameter of 11.6 m and an inner diameter of 11.2 m, and a thickness of 80 mm. The top lid is assembled with the diametrical flanges, which are 8.2 m in the outer flange curvature radius and 80 mm in thickness. The vertical 18 ports are embedded in the top lid at around a major radius of 3.5 m for the supports of diagnostics and pipes. Each port is designed to support additional components of 2 tons. The wall thickness of the ports is 18 mm. Allowable design stress is 137 MPa in Sm and 206 MPa in 1.5 Sm for type 304 stainless steel. The vacuum pressure of external 0.1 MPa, electromagnetic force, thermal load, the dead weight of 44.4 tons and the weight of 2 tons at each vertical port are loaded to the top lid during operation.
Two types of light weld (Light-weld-01 and Lightweld-02) are defined for the top lid construction. Lightweld-01 is adopted as a vacuum seal weld of the diametrical flanges inside and outside, and its conditions are 5 mm in depth, and 5.7 mm in width. Both 1.0 m ends of the diametrical flange are heavily welded for additional reinforcement. This heavy weld condition is 34 mm in width, and 30 mm in depth. Light-weld-02 is adopted as a vacuum seal weld of the top flange and its condition are 5 mm in width, 5 mm in depth.
Numerical analysis model and analysis condition
Structural integrity is evaluated by finite element numerical analysis. Fig. 2 shows the numerical analysis model for the top lid, which consists of the top lid and a part of the lateral body (1 m in height). The numerical model is composed of 20225 elements and 19914 nodes. Major structural part is modeled by shell elements. Mechanical elements, such as welds and bolts, are modeled by stiffness springs and beam elements. Stiffness of the lateral body part is adjusted to achieve adequate bending stiffness [3] . Friction condition is used at the flange contact area and its friction coefficient is assumed to be 0.2.
The severest loads to the top lid [5] , is the operational vacuum pressure of external 0.1 MPa. Additionally, the top lid is loaded with 2 tons at each vertical port, and the dead weight is 44.4 tons. These loads are employed as the design condition. The maximum displacement of 2.17 mm occurs at a port location. Deformation feature is entirely vertical displacement with radial expansion. Table 1 shows the maximum element stress in each member of the top lid. The maximum membrane stress is induced in the radial rib and the maximum bending stress is induced in the spherical shell. Bending stress is locally induced in the spherical shell jointed to the top flange. Radial ribs effectively reinforce the spherical shell against its radial bending deformation. However, local high bending deformation is induced, which is transmitted to the lateral body. If the stiffness of the lateral body is low, the reaction force loaded to the top lid from the lateral body is low. Induced element stresses in the spherical shell, the radial ribs, the toroidal ribs, the ports, the top flange, and the diametrical flanges are lower than the allowable stress. It is concluded that the top lid has sufficient integrity. Fig. 3 shows stresses in the welds, the bolts and the couplers of the diametrical flanges. The inside weld is defined as the lower weld and the outside weld is as the upper weld. Table 2 shows the maximum axial mechanical element stress. In the diametrical flanges, compressive stresses are induced at 0 ∼ +/−4.5 m in the longitudinal direction, and tensile stresses are induced at both ends. Stress in the upper weld is lower than that of the lower one. This is because the entire load condition results in internal moment, and balances the compressive region of 0 ∼ +/− 4.5 m with tensile regions at both ends of +/− 4.5 ∼ +/− 5.79 m. Heavy welding reduces this tensile stress at both ends. Stress in the weld near port is lower than the other regions, because the port opening reduces local stiffness. All stresses induced in the diametrical flanges are lower than the allowable stress. These mechanical elements have sufficient integrity. Fig. 4 shows the induced stress of the vacuum seal weld at the connection flanges between the top lid and the body without clamps. Table 3 shows the maximum mechanical element stress component in the weld. "Membrane + Bending" in Table 3 is the maximum value (ϕ= 109 deg) in the weld. Maximum membrane stress is locally peaked in the weld near the diametrical flanges. Maximum membrane stress in Z is locally peaked in the weld near the radial ribs. This discontinuous stress distribution results from the high stiffness of the radial ribs and the diametrical flanges. The weld around the radial ribs and the diametrical flange requires reinforcement such as clamps.
Clamp design
The numerical analyses indicate the design requirements of clamp stiffness. The clamp is designed in consideration of handling weight and installation position. Fig. 5 shows the structural concept of the clamp. The clamp structure is designed to not be affected by the radial deformation of the top lid and is also considered to improve its contact friction condition. Loading prevention increases the friction load and an incremental number of clamps reduces stress in the weld. Clamp installation is not effective for the top lid itself but just for this flange connection condition, because the stiffness of the entire top lid is much higher than the stiffness of the designable clamp.
Internal moment is induced in the contact surface between the top flange and the lateral body. Compressive and tensile loads are induced by the moment in the inner side and outer side of the top flange, respectively. Effective clamp position is indicated by having as much of the outer side as possible in the design. Pretension of the clamp does not reduce this internal moment but increases the load to the lateral body from the top lid.
Maximum load is the tensile 79.2 kN to the weld around the radial ribs. Clamp stiffness of K c is designed from the length of a bolt L, section area of a bolt A, and each Young's modulus of E. Eq. (1) gives the clamp stiffness.
The clamp is designed to shorten a length between the load point and the bolt position. Fig. 6 shows the design window of the clamp. σ w represents the stress of the light-weld-02, in which the clamp stiffness K c is adopted. The nominal diameter of the bolt represents the kinds of bolt required by K c . The design window is set with the stress of the light-weld-02 σ w lower than 55 MPa and the nominal diameter of the bolt lower than M39 because of size consideration . Considering the design window, K c = 1.1 GN/m is selected. In this condition, stress of the light weld σ w is 47.9 MPa and the nominal diameter of bolt is M36. The clamps are installed on the top lid around the radial ribs and the diametrical flange. The clamps are designed to hang the structure to prevent the top flange from horizontal slip. A groove is designed in the top flange for the hanging. The weight of the clamps installed on the top flange around the radial ribs and the diametrical flange are 37 kg and 60 kg, respectively. The two types of clamps come from the difference in thickness of the radial ribs and the diametrical flange. The number of the clamps is 18, and the total weight of clamps is 712 kg.
Conclusion
The integrity of the top lid is evaluated via finite element numerical analysis. The structural members of the top lid and the fastening structure of the diametrical flange have sufficient integrity against the normal operational load. High membrane stress is induced in the weld of the top flange. The membrane stress is induced by the tensile load component of the moment transferred from the spherical shell jointed to the top flange. Higher membrane stress is induced in the weld of the top flange around the radial ribs or the diametrical flange as compared with the other weld. Clamp stiffness is designed to reduce the stress in the weld of the top flange. Clamp stiffness 1.1 ×10 9 N/m is selected. The designed clamp must be installed on the edge of the top flange near the radial ribs or the diametrical flange, because the high tensile load component of the moment, which is compared with the inner side of the top flange, is induced in the outer side. The structural analyses are effective for clamp design.
